A B S T R A C T The effect of atrial contraction on left ventricular function in six patients with varying degrees of mitral stenosis was determined by utilizing the pressure gradient technique to measure instantaneous aortic blood flow and pressure. Aortic flow was measured as ventricular rate was controlled by right ventricular pacing to create A-V (atrioventricular) dissociation at varying rates (90-150 beats/min). At each heart rate, beats with preceding P waves, effective atrial systole, were grouped according to the duration of the P-R interval. Beats without P waves served as controls. There was always a significant increase in stroke volume, created by effective atrial systole, but the P-R interval at which it took place was different for each patient. There was no difference in the stroke volume for beats preceded by P waves having a P-R interval within the range of 0.05-0.20 sec. These beats were grouped for each patient, subjected to regression analysis, and compared to control beats. The absolute and percent change created by effective atrial systole was inversely proportional to the severity of the disease as determined by mitral valve orifice size.
INTRODUCTION
The effect of atrial systole on left ventricular function in patients with rheumatic mitral stenosis has been of interest to clinical investigators for several years. Carleton and Graettinger reported that atrial systole augmented Dr. Greenfield is the recipient of Career Development Award (1-K3-HE-28,112) from the U. S. Public Health Service.
Received for publication 8 June 1971 and in revised form 10 August 1971.
cardiac output by approximately 20% in patients without valvular disease, but made no significant hemodynamic contribution in the presence of mitral stenosis (1) . On the other hand, Heidenreich, Thompson, Shaver, and Leonard reported a significant increase in diastolic flow and corresponding augmentation in left ventricular performance with effective atrial systole when compared to ineffective atrial systole (2) . The major technical problems in resolving this question have been the inability to establish a realistic animal model or to measure left ventricular stroke volume on a beat-to-beat basis in patients with mitral stenosis. However, phasic aortic flow can be measured in man with the pressure gradient technique (3). The present study was undertaken to delineate the influence of a propertly timed atrial contraction on left ventricular function in patients with pure mitral stenosi s. METHODS Five male patients and one female patient ranging in age from 22 to 58 yr, were studied following admission to the Durham Veterans Administration Hospital. All exhibited the auscultatory changes of pure mitral stenosis and were in normal sinus rhythm. Five of the six had electrocardiographic and X-ray findings of significant mitral stenosis. The clinical data describing these patients is given in Table I .
After informed consent was obtained, right-and left-sided cardiac catheterizations were performed using standard techniques. Left atrial pressure was recorded through a No. 2.5 Brockenbrough transeptal catheter1 to obtain the mitral gradient. Mitral valve orifice sizes, using the Gorlin formula, were calculated. The absence of either mitral and/or aortic regurgitation was ruled out with visualization of the left ventricle and aortic root after the injection of either Hypaque The minor change in systolic blood pressure and stroke volume can be seen with the variation in P-R interval.
had selective coronary arteriography using the Judkins technique and no significant lesions were visualized. At the conclusion of the standard cardiac catheterization, a specially designed 6.5 French double lumen catheter,4 having lateral pressure taps 4 cm apart, was placed percutaneously into the femoral artery and advanced to the ascending aorta. The lateral pressures were accurately measured with a transducer-amplifier system. The pressure differences obtained with an analog computer' were used to solve the proper equations for phasic blood flow (3). Ascending aortic pressure was simultaneously measured directly from one lumen of the catheter. A standard electrocardiogram and intra-atrial electrocardiogram, using a No. 7 Zucker bipolar pacing catheter,' were recorded. A No. 5 bipolar pacing catheter 8 was placed at the apex of the right ventricle and connected to an external pulse generator in order to create complete A-V8 dissociation. Each patient was paced at the lowest rate at which ventricular capture took place without atrial competition and in increments of 10 beats per min to a maximal rate of approximately 150 beats per min. Each pacing rate was maintained for a minimum of 3 min. All data were recorded on an optical recorder 9 at a paper speed of 100 mm/sec and on FM analog magnetic tape."0 The measurement of flow was not associated with any difficulties and the only inconvenience to the patient was the prolongation of the catheterization by approximately 30 min.
Phasic blood flow was measured in the ascending aorta by the pressure gradient technique (3). This method is based on the solution of the Navier-Stokes equation of fluid motion, which relates the axial pressure gradient to the flow (4 Fig. 1 . Note that the stroke volume, listed under each flow curve, varies very little, regardless of P-R interval. In Table II , stroke volumes obtained at representative heart rates for each patient are listed as the mean and standard error of the mean. The standard error is not shown where there were fewer than three observations in a particular group. A P-R interval of zero indicates that no P wave occurred during the preceding diastole and will be referred to as control beats. In columns four through nine, data obtained at each designated P-R interval are listed. Statistical comparisons were performed in each patient to test for differences in stroke volume at different P-R intervals, but no comparisons were made between patients. Since the stroke work was found to vary in exactly the same manner as the stroke volume, it is not listed. In every patient the stroke volume of control beats decreased significantly when the rate was increased (P<0.01). Data for patient L. P. are listed only at one heart rate (150 beats per min) since A-V dissociation could not be achieved below this rate. The presence of a preceding P wave always resulted in a significant increase in stroke volume over control beats (P < 0.01), but the P-R interval at which the increase takes place is different for each patient. Although the presence of a P wave resulted in a significant increase in stroke volume over control, there was no significant difference detected in the stroke volume of beats preceded by a P wave with a P-R interval in the range of 0.05-0.20 sec (P > 0.05). Thus, data from these beats were combined and subjected to regression analysis. Regression lines for beats with a preceding P wave, P-R interval 0.05-0.20 sec, and control beats, no preceding P waves, were calculated for each patient. These lines are seen in Fig. 2 Determination of left atrial pressure revealed no significant increase in the V wave of the control beats, indicating that mitral insufficiency did not occur in these beats. The left atrial A wave became larger as it approached ventricular systole and was at its largest when contracting against a closed mitral valve.
Although the average peak systolic blood pressure appeared to be slightly higher in effective atrial systole when compared to control beats (range 0-20%), no statistically significant difference could be shown except in patient R. P., with very mild mitral disease, where a 20% difference was found (P < 0.01). Pulse pressure reacted in a similar fashion. HEART RATE, beats/min FIGURE 2 Regression lines calculated for stroke volume (on the ordinate) as function of heart rate (on the abscissa) are shown for a patient without mitral valve disease (C. S.) and five patients (R. P., C. A., W. T., E. H., and U. H.) with mitral stenosis in order of the severity of their disease. The regression lines for beats without a preceding P wave are shown as broken lines, and for beats following a P wave as solid lines. The standard error of estimate for each line is given by the crossed bar (see text). HEART RATE, beats/min FIGURE 3 The change in stroke volume as a per cent of the control stroke volume is given for seven patients without mitral valve disease (0) and five with mitral stenosis (0) at the lowest and highest (A) heart rates. There is a variation among the normals but all exceed the changes seen in those with mitral stenosis. DISCUSSION The importance of atrial contribution to left ventricular function in the experimental animal (9, 10) and in normal humans (8) has been thoroughly evaluated, but little has been written about its significance in rheumatic heart disease and, in particular, pure mitral stenosis. Carleton and Graettinger, using synchronous and sequential atrial pacing, reported effective atrial systole to improve normal human's left ventricular output by 20% but found no effect on individuals with mitral stenosis (1). These results were, unfortunately, subject to all the homeostatic mechanisms that take place in cardiac output regulation during the steady state and are not comparable to the data presented in our study. Using the stenotic mitral valve as a flowmeter and calculating the diastolic flow with the Gorlin formula, Heidenreich et al. (2) reported a 24% increase in diastolic flow. In addition, their studies revealed a 24% increase in mean peak left ventricular systolic pressure, and a 13% increase in mean left ventricular ejection time when comparing effective and ineffective atrial systole. They subsequently showed a 19% increase in diastolic flow and an 11% increase in left ventricular ejection time in a similar study except that isorhythmic dissociation was substituted by sequential and synchronous A-V pacing (11) . We found comparable data for patient R. P. with very mild disease. He showed a 20% increase in average peak systolic pressure and a 20% increase in stroke volume when comparing effective and ineffective atrial systole. As heart rate was increased, stroke volume was augmented by 40% with effective atrial systole. However, in the pa-tients with more severe stenosis of the valve, the increase in average peak systolic blood pressure, stroke volume, and mean pulse pressure, created by effective atrial systole, became much smaller. Heidenreich and coworkers (2, 11) grouped their patients and averaged the data. Thus, their results might have been skewed by the fact that the predominance of their patients had relatively mild mitral stenosis.
None of these investigators (1, 2, 11) varied heart rate in making their determinations. Mitchell, Gupta, and Payne's work in the dog (12) and reports from this laboratory (8) in patients without mitral valve disease show the absolute increase in stroke volume created by effective atrial systole to be independent of heart rate. In the patient with mild mitral stenosis, we found similar results. However, as the severity of the disease increased, as manifest by decrease in calculated mitral valve size, the absolute change in stroke volume created by effective atrial systole was markedly diminished. The absolute change in stroke volume became larger in two patients as the heart rate was increased, indicating that atrial contraction might be more important in maintaining ventricular filling at higher heart rates.
The fact that the stroke volume of control beats was smaller might be explained as evidence for the presence of mitral insufficiency occurring because of the absence of atrial contraction. Ruskin, McHale, Harley, and Greenfield (8) did phonocardiograms on their patients which failed to reveal mitral insufficiency or other cardiac murmurs. In our patients there were no significant changes in left atrial V wave pressure to suggest an increase in mitral insufficiency during the control beats. These data would support the opinion of Braunwald, Rockoff, Oldham, and Ross (13) in humans and Williams, O'Donovan, Cronin, and Wood's work in dogs (14) that a properly timed atrial contraction is not always essential for mitral valve closure.
Ultimately, three factors determine the stroke volume in mitral stenosis: (a) the functional capacity of the atrium, (b) compliance of the left ventricle, and (c) impedance of blood flow at the stenotic mitral valve site. None of our patients had been in atrial fibrillation and when the atrium contracted against a closed valve, good pressure responses were recorded. Thus, from this data, the inability of the atrium to act as an effective pump did not seem to be a factor. All patients studied had normal left ventricular end-diastolic pressures at rest but none were measured with exercise or during pacing. Of the four patients operated, all but one had excellent clinical results subsequent to relieving the obstruction of the mitral valve. U. H. had only mild improvement. One might postulate that poor ventricular compliance is the reason for the lack of dramatic improvement in this patient. This has been suggested by several investigators in the past (15) (16) (17) (18) . The most reasonable explanation for the markedly reduced effect of atrial systole in augmenting stroke volume in patients with severe mitral stenosis is the loss of energy secondary to marked turbulence of blood flowing across the deformed mitral valve. Thus, raising atrial pressure by atrial systole will not result in a meaningful increase in flow during diastole, since the energy will be dissipated at the valve.
The data for this study cannot be used to show that restoration of sinus rhythm in patients with atrial fibrillation will be ineffective. Aside from the considerations of prophyllaxis against embolism, normal sinus rhythm may augment ventricular function by maintaining a slower heart rate. In addition, the nonfibrillating atrium should be better able to provide the high diastolic pressure needed to maintain flow across the mitral valve.
